To better understand the environmental impact of ubiquitous perfluoroalkyl substances (PFASs) in waters, reliable and robust measurement techniques are needed. As one of the most widely used passive sampling approaches, diffusive gradients in thin-films (DGT) is not only easy to handle but also provides time-weighted analyte concentrations. Based on DGT with XAD18 as a binding agent, we developed a new methodology to measure two frequently detected PFASs in surface waters and wastewaters, i.e. perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS). Their diffusion coefficients in the diffusive gel, measured using an independent diffusion cell, were 4.37 Â 10 À6 and 5.08 Â 10 À6 cm 2 s À1 at 25 C, respectively. DGT had a high capacity for PFOA and PFOS at 196 and 246 mg per gel disk, suggesting the DGT sampler was suitable for deployment of several weeks. Time-integrated concentrations of PFOA and PFOS in a natural lake and river, and a municipal wastewater treatment plant effluent using DGT samplers deployed in situ for 12e33 d were comparable to those measured by a solid-phase extraction method coupled with high-frequency grab sampling. This study demonstrates that DGT is an effective tool for in situ monitoring of PFASs in natural waters and wastewaters.
Introduction
Emerging contaminants perfluoroalkyl substances (PFASs) have been produced and used for more than 60 years (Lindstrom et al., 2011; Wang et al., 2017) . Due to their thermal stability and oxidative resistance, PFASs are widely used as surfactants and surface protectors in commercial products and industries including protective coatings and fire-fighting foams (Giesy and Kannan, 2002; Kusoglu and Weber, 2017; Renner, 2001; Wu et al., 2015) . Generally, two sources account for the release of PFASs into the environment: one is direct sources such as the manufacturing of PFASs and consumption of products containing PFASs, and the other is indirect sources like reaction impurities or degradation of precursors (Zareitalabad et al., 2013) . Two long-chain, fully fluorinated PFASs, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) , are ubiquitously present in natural waters (Boulanger et al., 2004; Lindim et al., 2016; Wang et al., 2015; Xiao et al., 2015; Zhang et al., 2016) , drinking water Schwanz et al., 2016; Xiao et al., 2013) and wastewater (Arvaniti and Stasinakis, 2015; Kwon et al., 2017; Pan et al., 2016; Xiao et al., 2012b) at concentrations ranging from pg L À1 to mg L À1 levels (Krafft and Riess, 2015a; Zareitalabad et al., 2013) . Besides, it is generally accepted that they are persistent, bioaccumulative and recalcitrant to removal by drinking-water and municipal wastewater treatment (Xiao, 2017) .
To reduce their emission, PFOS was listed on the Stockholm Convention as persistent organic pollutants in May 2009 whereas PFOA was proposed by European Union to be listed in the Stockholm Convention in October 2015 (Lam et al., 2017) . The environmental quality standard (expressed as an annual average value) for PFOS in freshwaters corresponding to the long term exposure scenario for human consumption of freshwater fish set by European Commission is at 0.65 ng L
À1
, whereas a provisional threshold of 0.4 mg L À1 was proposed by US Environmental Protection Agency (USEPA) for PFOA in drinking waters (Valsecchi et al., 2017) . In 2016, USEPA issued lifetime drinking water health advisory level of 70 ng L À1 for the combined concentration of PFOA and PFOS . Due to their relatively high polarity and moderate water solubility, the majority of PFASs are distributed in the liquid phase (Kaserzon et al., 2012; Li et al., 2017) . As such, accurate determination of PFASs concentrations in natural waters and wastewaters is necessary to better understand their biogeochemistry and to further evaluate their potential effect on aquatic organisms and human beings. Most strategies for PFASs measurement need to collect largevolume water samples through grab/spot sampling, which are sent back to laboratory for chemical pre-concentration before quantitative analysis using high-sensitive equipments such as liquid chromatography e negative ion electrospray tandem mass spectrometry (LCeMS/MS) (Richardson and Kimura, 2016; Yu et al., 2013) . However, the methodology provides only snapshots of PFASs concentration at specific sampling time; for periodical monitoring, it can be time-consuming and costly. To screen PFASs and capture the concentration-dependent biogeochemical behavior of PFASs in environments, in situ analysis is preferable. However, field analysis of PFASs were not feasible due to the non-portability and nonspecification of instruments (Giesy and Kannan, 2002) . Therefore, in situ preconcentration of PFASs in passive sampling samplers followed by laboratorial analysis is an alternatively promising solution (Roll and Halden, 2016; Vrana et al., 2005) . Moreover, this practice is a very common approach for many other groups of organic substances.
The advantages of passive sampling over traditional spot sampling include in situ time-integrating and labor-saving continuous monitoring, lower detection limits, cleaner sample matrices and easier sample storage. Based on polar organic chemical integrative sampler (POCIS), several passive samplers have been successfully used to monitor PFASs (Alvarez et al., 2007; Fedorova et al., 2013; Kaserzon et al., 2012) . However, a drawback of POCIS-based samplers is the necessity of in situ calibration of the sampling rates caused by the different field conditions from laboratory calibrations (Kaserzon et al., 2014) . Hydrodynamic conditions, such as flow rate, temperature, and turbulence, could affect sampling rates, thereby contributing to the uncertainty and variation in concentration estimates of PFASs in water (Kaserzon et al., 2013 (Kaserzon et al., , 2014 .
Passive sampling technique based on diffusive gradients in thinfilms technique (DGT) is independent of water flow rate, so it has the potential to provide concentrations with improved performance compared to other passive samplers (Sigg et al., 2006) . In the last >20 years, DGT has been established to measure labile inorganic species in aquatic environments, such as metals (Gu et al., 2017; Guan et al., 2016; Luo et al., 2010 Luo et al., , 2018 Pan et al., 2015; Zhang and Davison, 1995; Zhang et al., 2017) , phosphate Santner et al., 2010; Zhang et al., 1998) , phosphite (Han et al., 2018) , nitrate (Cai et al., 2017; Huang et al., 2016) , and fluoride (Zhou et al., 2016) . Recently, DGT samplers based on XAD resin, activated charcoal or hydrophilicelipophilic balance powder as the binding agent have been extended to measure trace organics in waters including antibiotics (Chen et al., 2013) , bisphenols , polar organic contaminants (Challis et al., 2016) , household and personal care products (including preservatives, antioxidants and disinfectants) (Chen et al., 2017) , illicit drugs , anionic pesticides (Guibal et al., 2017) and endocrine disrupting compounds (Chen et al., 2018) . These pioneering studies shed light on using DGT as a fully quantitative passive sampling technique to monitor polar organics such as PFASs in aquatic systems. DGT measurement (C DGT ) can provide timeaveraged concentrations of organics in water using equation (1), which is derived from Fick's first law of diffusion:
The measured mass (M, ng) of a target organic accumulated on the binding gel at a given time (t, s) can be obtained by measuring its concentration in the eluate solutions. The DGT sampling area (A,  cm 2 ) and the thickness (Dg, cm) of the diffusion layer (diffusive gel þ filter membrane) are sampler-specific and standardized for routine use. The diffusion coefficient (D, cm 2 s À1 ) of the organics in the diffusion layer is temperature-specific and can be measured by a diffusion cell or using DGT samplers . Recently, XAD resins have been used as the core binding phase in passive air samplers (Loewen et al., 2008) and cartridges (Sinclair et al., 2007) for measuring PFASs. These resins are also known for effectively removing PFASs from water and wastewater (Du et al., 2015; Xiao et al., 2012a) . To better understand the concentrationdependent environmental behavior and impact of PFASs in aquatic system, here, we developed a DGT sampler with a binding layer comprising XAD18 incorporated into agarose gel, and evaluated its performance characteristics to measure two typical PFASs, i.e. PFOA and PFOS. The binding kinetics, elution efficiencies by methanol, and capacities of the XAD18 binding gel were studied. The possible effects of pH, ionic strength, dissolved organic matter (DOM), deployment time, and competition between PFOA and PFOS were also investigated. The DGT samplers were deployed in natural waters and wastewaters, and the measured concentrations based on high-sensitivity LCeMS/MS were compared with those from conventional spot sampling.
Experimental section

Reagents, materials, and solutions
All containers and pipets were made of polypropylene (PP) plastics. PFOA (>98%) was supplied by Tokyo Chemical Industry Co, LTD. (Tokyo, Japan). PFOS (>97%, potassium salt) was purchased from Strem Chemicals (Newburyport, MA, USA) and has two isomers. Perfluoro-n- [1, 2, 3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 
DGT preparation
Standard DGT piston samplers consisted of a round base, a binding gel layer using finely-ground XAD18 (particle size 25e75 mm, Amberlite™, Rohm and Haas Company) as the binding resin, a 0.75-mm-thick diffusive gel layer, a 0.13-mm-thick, 0.45-mm hydrophilic polyethersulfone (PES) filter membrane to prevent adherence of particles to the gels and a cap with a 2.51-cm 2 round window that holds all the layers tightly together . The resin gel acts as a sink, inducing a flux of a solute from the solution through the diffusive gel. The diffusive gels and binding gels were prepared according to a previously published procedure (Chen et al., 2012; Guan et al., 2017) . The diffusive gel (0.75 mm thickness) was prepared by dissolving 0.45 g agarose (Bio-Rad, USA) in 30 mL Milli-Q water (18.2 MU$cm, Millipore, USA) while being heated until the solution became transparent. The hot gel solution was immediately pipetted into two preheated glass plates, which were separated by a 0.75-mm-thick spacer, and left to cool down at room temperature for 6 h to form solidified gels. The binding gel (0.5 mm thickness) was made by mixing 4 g XAD18 resin (wet weight) with 20 mL of 1.5% hot agarose solution, which was mixed well and then cast between a gel-casting assembly and left to cool down at room temperature. Both the agarose diffusive and binding gels were hydrated in Milli-Q water and stored in 0.01 mol L À1 NaCl solution.
Diffusion coefficient in the diffusive gel
According to Eq. (1), diffusion coefficients (D) of PFOA and PFOS were required for calculation of DGT-measured concentrations, and therefore were measured using both a previously described diffusion cell (Zhang and Davison, 1999) with minor modification and DGT samplers . Two PP compartments of the cell were connected by a 1.5 cm diameter circular window containing a 0.75 mm thick agarose-based diffusive gel . The PES membrane was not included in the diffusion cell measurements. Both compartments were filled with 50 mL of 0.01 mol L
À1
NaCl solution and the source compartment contained additionally 2 mg L À1 PFOA or PFOS. The pH was the same in both the receptor and source compartments. The solutions in both compartments were well stirred during the 4-h experiment. Aliquots of 0.2 mL of solution were collected from both compartments at intervals of 15 min for further LCeMS/MS analysis. The slope of the linear plot of the measured mass of PFOA or PFOS diffused into the receptor compartment versus experimental time was used to calculate the diffusion coefficient (D cell ):
Where A (cm 2 ) is the area (1.5 cm in diameter) of the connecting
) is the concentration of PFOA or PFOS in the source compartment, and Dg (cm) is the thickness of the diffusive gel. Diffusion coefficients at other temperatures, D t , can be estimated using Eq. (3) (Li and Gregory, 1974) .
Where t is temperature ( C) of solution and D 25 is the diffusion coefficient at 25 C. Additionally, diffusion coefficients were measured by deploying DGT devices equipped with XAD binding gel, diffusive gel and PES membrane in 2 L of 0.01 mol L À1 NaCl solution containing 50 mg L
PFOA or PFOS for 24 h (t), and assuming that the DGT measured concentration equals to the solution concentration (C sol ). The diffusion coefficient (D DGT ) was obtained using Eq. (4), where M is the measured mass of PFOA or PFOS absorbed by the XAD binding gel within the DGT sampler obtained from Eq. (5).
Where C e (mg L À1 ) is the concentration of PFOA or PFOS in the eluent, V e (mL) represents the volume of the eluent, V g (mL) is the volume of the XAD binding gel, and f e (a.u.) is the elution efficiency of PFOA or PFOS from the XAD binding gel.
Kinetics of binding and elution efficiency
To investigate the binding kinetics of the XAD binding gels to PFOA and PFOS, XAD binding gel discs (2.5 cm in diameter) were loaded with a known amount of perfluoroalkyl substances by immersing them in 10 mL of 50 mg L À1 PFOA or PFOS solution with a matrix of 0.01 mol L À1 NaCl while being kept shaken for different time from 1 min to 24 h. The concentrations of PFOA and PFOS in the solutions before and after gel immersion were measured. To obtain the elution efficiency (f e ) of PFOA or PFOS from the XAD binding gels, the XAD gel discs were firstly loaded with 200e1000 ng PFOA or PFOS by immersing gels in solutions containing different concentrations of chemical. The loaded gels were then eluted with 10 mL of methanol (n ¼ 6) for at least 24 h or with twice 5 mL of methanol (n ¼ 6) in a sonication bath for 20 min. The concentrations of the target compound in the 10 mL elution solution (C e ) and in the initial 10 mL immersion solution (C 0 ) were analyzed using LCeMS/MS to calculate the elution efficiency, f e (Eq. (6)).
2.5. Performance characteristics of DGT in the laboratory 2.5.1. Effect of pH and ionic strength To study the effect of pH on DGT performance, triplicate DGT samplers equipped with an XAD binding gel, a 0.75-mm-thick agarose-based diffusive gel, and a PES filter membrane were immersed for 12 h in well-stirred solution of 2 L of 50 mg L À1 PFOA or PFOS with a matrix of 0.01 mol L À1 NaCl at various pH (4e8). The pH was adjusted using 1 mol L À1 HCl or NaOH solution. Similarly, for investigating the effect of ionic strength, triplicate DGT samplers were deployed for 12 h in well-stirred solutions of 2 L of 50 mg L
À1
PFOA or PFOS and different concentrations of NaCl ranging from 0.1 to 500 mmol L À1 at pH 6.5 ± 0.1. Here, the XAD binding gels were eluted using 10 mL of 100% methanol for at least 24 h and PFOA and PFOS in the eluate were analyzed.
Effect of DOM
DOM may affect the uptake of PFASs by passive samplers (Li et al., 2011) . Natural water contains typically 2e10 mg L À1 of DOM (Drever, 1997; Xu and Guo, 2017) . To determine its effect on DGT uptake, triplicate DGT samplers were deployed for 12 h in 2 L wellstirred solution containing 50 mg L À1 PFOA or PFOS, 0.01 mol L
À1
NaCl and 0, 2.5, 5, 10 or 20 mg L À1 of humic acid at pH 6.0 ± 0.5.
Capacity of DGT
For a sampling technique based on diffusion and adsorption theory, its binding capacity is a key factor for reliable measurement of target analyte. Adequate adsorption capacity makes it possible for DGT samplers to be deployed long-term or in high concentration environments. To evaluate the capacity of XAD binding gels to adsorb PFOA or PFOS, DGT samplers equipped with XAD binding gels were deployed for 10 h in 2 L of well-stirred solutions containing PFOA or PFOS at different concentrations (0.1, 0.5, 1.0, 2.0, 5.0, 10, 20, 40, and 50 mg L À1 ) and 0.01 mol L À1 NaCl. The accumulated masses of PFOA and PFOS increases linearly with the increasing concentrations in solution and fit the theoretical line calculated from the known deployment time using Eq. (1). The capacity of binding gels can be estimated at the point where the measured masses start to deviate from the theoretical line.
Effect of deployment time
To test the effect of different deployment time on DGT performance, DGT samplers were immersed in 6 L well-stirred solution containing 50 mg L À1 PFOA or PFOS and 0.01 mol L À1 NaCl (pH 6.5 ± 0.1). Triplicate samplers were retrieved at different time (from 4 to 132 h). If the accumulated mass of PFOA and PFOS increases linearly with time and fits the theoretical line calculated from the known solution concentrations using Eq. (1), it indicates the DGT technique is suitable for measuring in situ PFOA and PFOS concentrations.
Competition effects
The competition effects between PFOA and PFOS were assessed by deploying the DGT samplers for 12 h in 2 L of different well- . If the ratios of DGT measured to solution concentrations for PFOA and PFOS were within the acceptable limits (1.0 ± 0.1), there is no competition effect between the two chemicals.
Field trial
To check the reproducibility and reliability of DGT measurements in natural waters, DGT samplers were deployed in November and December 2015, in Lake Yueya (a city lake in Nanjing, China) and the city moat of Nanjing, which is connected with Lake Yueya (sites 1 to 5, Fig. S1 ). The lake is located in the downtown and was surrounded by residential quarters. Water quality data of Lake Yueya and the city moat were provided in Table S1 . To extend the applicability of DGT samplers in wastewaters, the samplers were tested in late May and early April 2017 in an effluent of a municipal wastewater treatment plant (WWTP) in Nanjing, China (site 6). A hexahedral unit assembled with six DGT samplers including button data-loggers (Maxim Integrated Products, USA) set to record temperature at intervals of 3 h (for calibrating temperature-dependent diffusion coefficient) was placed in six sampling sites for 12e33 d (Table S2 ). Upon retrieval, DGT samplers were jetwashed with Milli-Q water and then stored in sealed clean plastic bag before removing the XAD binding gels in the laboratory for further analysis. No biofouling was visible on the filter membrane of the DGT samplers. The retrieved XAD binding gels were soaked in 10 mL of 100% methanol for at least 24 h. 10 mL of eluates were concentrated to dryness under nitrogen followed by redissolving in 0.5 mL of 100% methanol and passing through a PP-membrane syringe filter (Acrodisc GHP, 13-mm-diameter, 0.2-mm pore size, Waters) for instrumental analysis.
Water samples (1.0e3.8 L) were collected every 2e4 d at each sampling site during DGT deployments (Table S2 ) using PP containers. They were transferred to the laboratory within 12 h and were stored at 4 C in PP containers before analysis. Before preconcentration, water samples were spiked with internal standards of 13 C 4 -PFOA and 13 C 4 -PFOS (5 ng L À1 ), passed through 0.45-mm PES filters and extracted by the Oasis WAX cartridges (6 cc, 150 mg, 30 mm particle size, Waters), which were pre-cleaned and pre-conditioned by 4 mL of methanol containing 0.1% NH 4 OH, 4 mL of methanol and 4 mL of Milli-Q water (Yu et al., 2013 ) at a rate of 1e2 drops s
À1
. The cartridges were then washed with 4 mL of buffer (25 mmol L À1 acetic acid/ammonium acetate, pH 4) followed by 3-min centrifugation at 3000 r min À1 to remove residual water and the target compounds were eluted with 4 mL of methanol and 4 mL of methanol containing 0.1% NH 4 OH. The latter eluate was evaporated to dryness under nitrogen, dissolved in 100% methanol and passed through a PP syringe filter for instrumental analysis.
Instrument analysis and QA/QC
To assess potential sorption of PFOA and PFOS by diffusive gels, filter membranes and DGT plastic moldings for housing the gels, the adsorption experiment was performed. Diffusive gels made from agarose and PES filter membranes were soaked in 10 mL of 50 mg L À1 PFOA or PFOS solutions and then shaken for 24 h. DGT moldings were treated following the above procedure, but with 50 mL solutions due to their large physical sizes. The concentrations of PFOA or PFOS in the solutions before and after exposure were determined to calculate the adsorption mass.
Analytes were measured using Agilent 1260 Infinity high performance liquid chromatography (HPLC) coupled with API4000 triple quadrupole mass spectrometer. A PFAS isolator column was placed in-line between the solvent mixer and the injector to reduce the instrument background. Chromatographic separation of PFOA and PFOS was performed using an Xbridge™ BEH C18 2.1 Â 50 mm, 2.6 mm column operated at 40 C. The mobile phase consisted of a combination of two solvents: solvent A (2 mmol L À1 ammonium acetate) and solvent B (methanol), maintaining a flow rate of 300 mL min
À1
. The ratio of solvent A and B varied with the linear gradient program (0.5 min 5% B, 0.5e1.5 min 5e20% B, 1.5e5 min 20e50% B, 5e10 min 50e60% B, 10e10.1 min 60e100% B, 10.1e11 min 100% B, 11e11.1 min 100-5% B, 11.1e15 min 5% B). The triple quadrupole mass spectrometer was operated in negative electrospray ionization multiple reaction monitoring (MRM) mode. Two MRM reactions were acquired for PFOA (413/169 and 413/369) and PFOS (499/80 and 499/99). Reagent (methanol) blanks were run continuously between the samples to ensure that the column was clean and traces of analyte were not carried over between samples.
All fluorinated materials that could come into contact with the samples during sampling and extraction were removed to avoid contamination. Seven-point internal standard curves ranging from 0.1 to 50 ng mL À1 were prepared for the quantification of individual PFOA/PFOS with coefficients of determination (R 2 ) for all target analytes higher than 0.99. One procedural blank of spot sampling was analyzed to check for the contamination every 10 samples. One matrix (Milli-Q water) spike sample of spot sampling was analyzed to check for accuracy every 10 samples. DGT blanks were assessed by analyzing the mass of PFOA and PFOS on XAD binding gels assembled into DGT samplers which were left for 168 h in moisturized plastic bags under room temperature without solution deployment. Limit of quantity (LOQ) was defined as the lowest point on the calibration curve that could be accurately measured within ±20% of its theoretical value. Method detection limits (MDLs) were evaluated from the LOQ by assuming a deployment time of 30 d at 25 C with a 0.75-mm-thick diffusive gel and a 0.13-mm-thick filter membrane.
Statistical analysis
All DGT laboratory deployments were performed in at least triplicate and the results expressed as mean ± standard deviation. Statistical analysis was carried out using SAS software. Statistically significant differences were established using analysis of variance (ANOVA) and least significant difference (LSD) at the 5% significance level.
Results and discussion
Potential sorption/release of PFOA and PFOS via DGT moldings, diffusive gels, and filter membranes
To accurately measure PFOA and PFOS, their potential sorption onto materials used for DGT samplers should be negligible. Therefore, PES filter membranes, agarose-based diffusive gels, and acetonitrileebutadieneestyrene (ABS)-based DGT moldings were evaluated. Fig. S2 shows the sorption of PFOA and PFOS by these materials. Based on the difference between the amounts in solution before and after soaking the components in the solution, little sorption onto PES-based filter membranes, agarose-based diffusive gels, and ABS-based DGT moldings (<4.6%) was observed. It seems that the PES membrane and diffusion gel could release some PFOS, but insignificantly at 1.1e3.8%. So in this study, the PES-based filter membranes, agarose-based diffusive gels, and ABS-based DGT moldings were used for DGT development.
DGT blanks and method detection limits
The obtained DGT blanks of PFOA and PFOS were 0.07 ± 0.04 and 0.17 ± 0.14 ng per sampler (n ¼ 12), respectively. The obtained MDLs of PFOA and PFOS were 0.31 and 0.95 ng L
À1
, respectively. According to a recent review (Zareitalabad et al., 2013) , these MDLs are lower than~75% of the reported concentrations (n ¼ 475) of PFOA and PFOS in surface water and almost 100% of those in wastewater treatment plant effluents (n ¼ 70). These comparisons suggest that DGT coupled with LCeMS/MS analysis can provide sufficient sensitivity for in situ monitoring of PFOA and PFOS in the environment. If detection limits for DGT-measured PFASs were an issue, a longer deployment time or samplers with a larger exposure window size could be adopted according to Eq. (1). This technique is particularly promising considering the much smaller exposure surface for a cylinder-type DGT sampler (2.5e3.1 cm 2 ) compared to POCIS (~42 cm 2 ), even though the typical deployment time of DGT sampler is slightly longer than that (2e10 d) of POCIS (Kaserzon et al., 2012 (Kaserzon et al., , 2013 Li et al., 2016) .
Uptake kinetics of PFOA and PFOS onto XAD binding gels
The performance of DGT is determined by the uptake kinetics of the binding gel. About 65% of PFOA and PFOS in solution were adsorbed by XAD gels within 1 min (Fig. S3) , indicating fast and efficient binding of XAD gels towards PFASs (Krafft and Riess, 2015b) . The adsorption of PFOA by XAD gel increased linearly with time for the first 20 min, reaching 90e95% of the maximum adsorption of PFOA and PFOS after 30e60 min (Fig. S3) . Mean rates of binding to the resin gel in the first 10 min for PFOA and PFOS were 2.86e3.65 ng cm À2 min
À1
, which were much higher than the theoretical binding rates (0.30e0.35 ng cm À2 min
) calculated from Eq. (1) for the DGT device deployed in a solution containing a 100 mg L À1 PFOA or PFOS at 25 C. This suggests the binding rates were sufficiently rapid to ensure the uptake of the chemicals was efficient and effective. The concentrations at the interface of the diffusive gel and binding gel were effectively zero to follow the principle of the DGT technique.
Elution efficiencies of PFOA and PFOS
Consistent and quantitative elution efficiencies of PFOA and PFOS from the loaded XAD gels are required for accurate calculation of DGT measured concentrations. Previous studies showed methanol can effectively elute antibiotics from the XAD binding gels (Chen et al., 2012 (Chen et al., , 2013 . Here, methanol was used as eluent using two different procedures: immersion of binding gels into 10 mL of methanol for 24 h or extraction of binding gels using two rounds of 5 mL of methanol in a sonication bath for 20 min each. The obtained elution efficiencies of PFOA and PFOS using methanol for 24 h were 0.95 ± 0.07 and 1.04 ± 0.09, respectively, while 1.00 ± 0.08 and 1.05 ± 0.08 for elution with a sonication bath. The data implied robust and consistent elution efficiencies using the two procedures. The high elution efficiency (~1.00) was similar to that of antibiotics from the binding gels reported by Chen et al. (2012) and higher than that of bisphenols (0.35e0.96) reported by Zheng et al. (2015) . 
Diffusion coefficients of PFOA and PFOS in the agarose diffusive gels
Accurate measurement of diffusion coefficients of PFOA and PFOS in the diffusive gels is necessary for calculating DGT measured concentrations using Eq. (1). The masses of PFOA and PFOS diffused through the agarose diffusive gel increased linearly (r 2 ¼ 0.98e0.99, n ¼ 3) with time (Fig. S4) . The diffusion coefficients, D cell , of PFOA and PFOS at 25 C were derived from the slopes of the linear plots in Fig. S4 and Eq. (2). D cell at 25 C of PFOA and PFOS were 4.37 Â 10 À6 and 5.08 Â 10 À6 cm 2 s
À1
, respectively, similar to D DGT , 4.58 Â 10 À6 and 4.71 Â 10 À6 cm 2 s À1 respectively, obtained from DGT measurement.
The difference between these values derived from two measurement approaches was <7%, indicating reliable values of diffusion coefficients of PFOA and PFOS for DGT calculation. The measured D cell at 25 C was~89% and 108% of the theoretically predicted diffusion coefficients (D water ), 4.9 Â 10 À6 and 4.7 Â 10 À6 cm 2 s À1 respectively for PFOA and PFOS, in water (Pereira et al., 2014) , similar to the proportions of D cell versus D water of cationic and anionic metals Pan et al., 2015; Zhang and Davison, 1995) . The data implied that the diffusion of PFOA in the diffusive gel was slightly impeded by the structure of gel compared to water.
Effects of pH, ionic strength and DOM
There are wide ranges of pH, ionic strength and DOM concentration in the environment so it is necessary to investigate their effects on the performance of DGT samplers for measuring PFOA and PFOS. The ratios of DGT-measured concentrations, C DGT , of PFOA and PFOS to deployment solution concentrations, C sol , under different pH, ionic strengths and DOM concentrations are shown in Fig. 1 . With solution pH from 4.26 to 7.82, NaCl concentrations from 0.1 to 500 mmol L
À1
, and humic acid concentrations from 0 to 20 mg L À1 , the ratios of C DGT /C sol for PFOA and PFOS were 0.87e1.15 and 0.73e1.08, respectively. The slightly lower ratio of 0.73 for PFOS at the lowest ionic strength (0.1 mmol L À1 ) may be caused by the increasing repulsion interaction between the resin and anionic PFOS at slightly acidic environment (pH 6.5) (Davison, 2016) . Similar low ratio of analytes at low ionic strength was reported elsewhere (Chen et al., 2014; Pescim et al., 2012; Warnken et al., 2005) . The results suggested that DGT samplers performed generally well for a wide range of environmental conditions, i.e. pH 4.3e7.8, ionic strength 1e500 mmol L À1 NaCl, and DOM concentrations 0e20 mg L
, indicating that DGT can be used to measure PFOA and PFOS in fresh water environment.
Capacity of DGT containing XAD gels
Adequate capacity of the binding phase for PFASs is necessary to ensure their accurate measurement by DGT when they are present at high concentrations or when long-term monitoring is required. The mass of PFOA and PFOS bound onto the XAD gel used in DGT measurements initially increased linearly with the solution concentration and followed theoretical prediction using DGT equation (Eq. (1)) ( Fig. 2a and b) . The capacities of DGT for PFOA and PFOS were at least 196 and 246 mg per disk, respectively. Assuming that the concentration of PFOA or PFOS in water was 100 mg L
À1
, the maximum deployment time is more than 10 weeks. These high capacities implied that DGT was suitable for long-time (hours to weeks) deployments to measure PFASs.
Effect of deployment time and competition effect between PFOA and PFOS
The measured masses of PFOA and PFOS, accumulated by DGT, Fig. 3 . Changes in the concentrations of PFOA and PFOS in a city lake and river during a 30e33 d sampling campaign. The solid circles in (b1-c2) represent the concentrations of PFASs measured by the active sampling method. The columns in (a) and the solid lines in (b1-c2) are the time-averaged concentration of PFASs measured by DGT. The upper and lower dotted lines in (b1-c2) represent the maximum and minimum concentrations of PFASs, respectively, measured by DGT. Numbers 1e5 in (a) represent the sampling sites. Data in (b1) and (c1) represent DGT-measured concentrations of PFOA in sites 2 and 5, respectively, whereas data in (b2) and (c2) represent DGT-measured concentrations of PFOS in the same sites. For the left three sites, data can be found in Fig. S5. increased linearly with deployment time (t) over 132 h ( Fig. 2c and  d) . The function of mass vs time concurs with previous work for bisphenols and oxyanions Zheng et al., 2015) . Good agreement between DGT measurement and theoretical prediction not only confirmed the role of XAD binding gel acting as an infinite sink, but also supported the validity of Eq. (1) to calculate the DGT-measured concentrations in this study, i.e., C DGT . DGT samplers were deployed in a series of synthetic solutions with different concentrations (20e2000 mg L
À1
) and ratios of PFOA and PFOS. Even though the ratios of DGT measured to solution concentrations for PFOA and PFOS slightly exceeded the acceptable limits (1.0 ± 0.1), there was no significant difference (p > 0.05) among the simulated solutions (Table S3 ). This indicated the competition effects between PFOA and PFOS were generally negligible. Though expected to be negligible considering the high capacities of DGT, the possible competition effect among other PFASs and organic pollutants in both freshwater and seawater is the subject of further work.
Field trial
Based on demonstrated good performance characteristics, DGT technique was a robust tool for measuring PFASs in natural waters. To test the reliability of DGT in an aquatic environment and wastewaters, the samplers were deployed in situ in a lake and an adjacent river, and a municipal WWTP effluent for 12e33 d while water samples were actively collected every 2e4 d for analysis in the laboratory. PFOA and PFOS were detected by both the spot sampling method and DGT measurement (Figs. 3 and 4; Figs. S5 and S6) . Concentrations of PFOA and PFOS in the natural lake and river measured by the spot sampling approach ranged from 13.6 to 22.4 ng L À1 and 6.7 to 54.2 ng L
À1
. The values of PFOA were comparable to those reported for other rivers and lakes, including Huai River (6.2e47 ng L À1 ) (Yu et al., 2013) , Lake Taihu (11e37 ng L À1 ), and Liao River (n.d.À28 ng L À1 ) in China (Yang et al., 2011) , and the Great Lakes (11e34 ng L À1 ) in North America (Myers et al., 2012; Sinclair et al., 2006) . For PFOS, the values were comparable to those reported for other lakes and rivers, such as the Huai River (1.4e25 ng L
) and Lake Taihu (8.5e21 ng L À1 ) (Yu et al., 2013) , and the Great Lakes (2.8e30 ng L À1 ) (Myers et al., 2012; Sinclair et al., 2006) . Some concentration fluctuations of PFOA and especially PFOS were observed using the spot sampling method (Figs. 3 and 4 ; Fig. S5 ), with the relative standard deviations (RSDs) for PFOA and PFOS were 2.6e30% and 41e56%, respectively. The data demonstrated that during DGT deployment, concentrations of PFASs in water were fluctuating. Sakurai et al. (2016) reported that the seasonal concentrations of PFOS in Tokyo Bay were much lower than those of PFOA, with higher concentrations of PFOS in winter than other seasons (Sakurai et al., 2010) . The variation in sources for PFOS in winter season may account for the fluctuations of PFOS in waters of sampling sites 1 to 5. The solid lines in Figs. 3 and 4 and Fig. S5 show the average DGT-measured concentrations for PFOA and PFOS, and the dotted lines show the maximum and minimum concentrations. Almost all lines had some overlap with the data points obtained by the spot sampling method, demonstrating the accuracy of the time-integrated concentrations of PFASs measured by DGT.
It seems that there were concentration differences in PFASs detected by DGT and grab samples (Figs. S5 and S6 ). The ratios for PFASs concentrations from passive vs spot sampling were compared with reported data (Table S4) . In this study, the ratios for PFOA in natural waters and wastewaters were 0.94e1.15 and 0.64e0.82, respectively, whereas for PFOS, the values were 0.55e0.72 and 0.79e1.09, respectively. These values were generally agreeable with reported ratios from POCIS vs spot sampling (Kaserzon et al., 2012 (Kaserzon et al., , 2013 Li et al., 2016) . The slightly tighter ratio ranges provided by POCIS probably resulted from the relatively small variation in the spot sampling measurements (generally 23% with one exception) (Kaserzon et al., 2012 (Kaserzon et al., , 2013 compared to those in this study. POCIS-based samplers have their advantage compared to DGT. The sampling rates for PFOA and PFOS by POCISbased samplers were 0.12e0.16 L d À1 and 0.15e0.36 L d
, respectively (Fedorova et al., 2013; Kaserzon et al., 2012) . For DGT, assuming that C DGT /C sol was 1.0 and the temperature was 25 C, the sampling rate (A*D/Dg) for PFOA and PFOS was 0.011 and 0.013 L d
, respectively. This lower sampling rate for DGT indicated that a longer deployment time was needed to achieve the same detection limit. However, the RSDs of DGT-measured concentrations for PFOA and PFOS were much smaller, i.e. 2.3e31% and 4.2e38%, respectively, than those from spot sampling in this study. Variation in hydrodynamic conditions and chemical concentrations during long-term deployment of DGT samplers in the field may explain the relatively large RSDs (>20%) of DGT-measured PFOA in one site (site 6, Fig. S6 ) and PFOS in four sites (sites 1, 3, 4 and 6, Figs. S5 and S6) . Overall, the data demonstrated the robustness of the developed DGT method for measurement of PFASs in field.
Although DGT has only been tested for the measurement of two PFASs (PFOA and PFOS), it is likely to be capable of measuring other PFASs with further performance characterization. In addition, DGT can be potentially adopted to study the decomposition products of PFASs. Development of the DGT technique on overall PFASs will be particularly useful to utilize the DGT technique to assess the availability, behavior, fate and risks of fluorinated organic compounds in the environment.
Conclusions
There is a trend of using passive samplers to monitor organic pollutants including PFASs in the aquatic environment. In this study we present a DGT passive sampling method to measure PFASs, and validated the device's performance for a wide range of environmental conditions, i.e. pH 4.3e7.8, ionic strength 1e500 mmol L
À1
NaCl and DOM concentrations 0e20 mg L
. Measurement of preconcentrated PFASs in the eluates using high-sensitivity LC-MS/ MS simplifies the pretreatment of samples in the laboratory. Coupling DGT, in situ sampling/pre-concentration technique, with LC-MS/MS detection system is a promising method to measure PFASs in nature waters and wastewaters. Compared to other passive sampling methods, DGT has its unique feature. Firstly, under typical water flow conditions (!2 cm s À1 ), the calculation of DGTmeasured concentration relies mainly on the sampling time and temperature-dependent diffusion coefficient, D, which can be easily corrected especially using accessible temperature dataloggers. Therefore, in situ calibration is no longer necessary for DGT deployment in field. Secondly, measurement made by DGT samplers may be less affected by environmental hydrodynamic conditions (i.e., water flow) due to much thicker diffusive gel layer compared to the DBL (diffusive boundary layer) , but further investigation is needed.
